Ferroelectric (Y, Yb)MnO 3 thin film is one of a candidate for the application to the ferroelectric memories. This paper focused the preparation of (Y, Yb)MnO 3 thin films by chemical solution process. The synthesis of (Y, Yb)MnO 3 thin films using alkoxy-derived solutions and the effects of crystallization conditions and compositions on the crystallographic properties have been investigated in detail. On the basis of fundamental studies, we were able to find that crystallization in Ar was essential for the better electrical properties. Additionally, the ferroelectric properties of the (Y, Yb)MnO 3 thin films were investigated by measuring the electrical properties of metal/ferroelectrics/metal (MFM) and metal/ferroelectrics/insulator/semiconductor (MFIS) structures.
. Free energy of formation vs. ionic radius for ReMnO 3 (Re ＝rare earth or Y) material.
Introduction
Recently, ferroelectric random access memory (FeRAM) devices using ferroelectric materials such as Pb(Zr, Ti)O 3 and SrBi 2 Ta 2 O 9 have attracted much attention. One of the devices is FET (field effect transistor)-type nonvolatile memory. This type of memory uses the remanent polarization of the ferroelectrics to control the surface conductivity of silicon and has an advantage of reducing the memory cell size and nondestructive readout. 1) The metal/ferroelectrics/insulator/semiconductor (MFIS) structure has been proposed because it is difficult to obtain ferroelectric/Si structure with good interface. In the memory structure, the SiO 2 layer in the interface between the ferroelectric film and the silicon reduces the memory window because most of the electric field is applied to the SiO 2 layer due to its low dielectric constant. Therefore, ferroelectrics thin films with lowerdielectric-constant are required to realize the wide memory window.
YMnO 3 having the hexagonal structure shows ferroelectric properties and single polarization direction along c-axis. Smolenskii and Bokov reported that the YMnO 3 single crystal exhibited a low dielectric constant of 20 and a spontaneous polarization of 5.0 mC/cm 2 . 2) YMnO 3 have been attracted for application to MFISFET-type nonvolatile memory because they have low dielectric constant and do not contain volatile elements, such as Pb and Bi, which forms the point defects. The YMnO 3 films were synthesized by sputtering, pulse laser deposition (PLD), molecular beam epitaxy (MBE) and metalorganic chemical vapor deposition (MOCVD). 3)-7) Also, some groups reported the synthesis of YMnO 3 films via chemical solutions. 8)- 10) ReMnO 3 (Re＝rare earth) belongs to the same crystallographic group as YMnO 3 . 11) It has been reported that the large Re ions resulted in the orthorhombic structure (not ferroelectric phase), whereas the small Re ions form hexagonal structure (ferroelectric phase), and also the free energy of formation changed linearly with ionic radius in this system, as shown in Fig. 1 . The hexagonal structure is stable and orthorhombic structure is metastable because the free energy of hexagonal structure is larger than that of orthorhombic structure in the case of YMnO 3 and YbMnO 3 . The difference of free energy between these two structures increased with decreasing the average ionic radius. Therefore, the small ionic radius of Yb ion increases the stability of hexagonal structure (decreasing stability of orthorhombic structure). In the hexagonal YMnO 3 and YbMnO 3 , the polarization direction is along c-axis. Therefore, it is essential to synthesis c-axis oriented hexagonal (Y, Yb)MnO 3 films on silicon substrates to apply them to the ferroelectric nonvolatile memories.
Some insulators with a higher permittivity, such as Y 2 O 3 , TiO 2 , ZrO 2 , HfO 2 , Ta 2 O 5 , Al 2 O 3 , have been studied as alternatives for SiO 2 . 12)-15) The reasons for using high-k dielectrics are increasing the physical thickness of film to reduce electron tunneling and improving a higher permittivity. Among many potential high-k oxides, HfO 2 is considered as 
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Suzuki: Preparation of ferroelectric (Y, Yb)MnO3 films by chemical solution process one of the most promising materials. HfO 2 have advantageous properties, such as a high dielectric constant (k～ 25), thermal stability, and relatively large bandgap (5.68 eV).
In this study, the preparation of (Y, Yb)MnO 3 thin films on Pt/TiO x /SiO 2 /Si and insulator/Si substrates using alkoxy-derived solutions are reported.
Experimental
On the basis of fundamental study, (Y, Yb)MnO 3 films were prepared according to the procedure shown in Fig. 2 . For preparation of (Y, Yb)MnO 3 precursor solutions, yttrium iso-propoxide, ytterbium iso-propoxide and manganese iso-propoxide (Kojundo Chemical) were selected as starting chemicals. Ethylene glycol monomethyl ether (EGMME) was selected as a solvent. Since many of the alkoxides are extremely sensitive to moisture, the entire procedure was conducted in dry nitrogen. Appropriate amount of Yttrium and ytterbium iso-propoxide were dissolved in EGMME. Manganese iso-propoxide was added to the solution with an atomic ratio of (Y＋Yb)Mn＝11. The concentration of solution was adjusted to 0.2 mol/L. And then, the solution reacted at a reflux temperature of 124°C for 2 h. HfO 2 precursor solutions were prepared using hafnium isopropoxide and EGMME and the concentration was adjusted to 0.1 or 0.05 mol/L.
(Y, Yb)MnO 3 films were prepared using the precursor solutions by spin coating on Pt/TiO x /SiO 2 /Si and insulator/ Si substrates. These substrates were soaked in EGMME and dried to clean the surface prior to coating. Each layer was deposited in two steps of 1000 rpm for 3 s and 3000 rpm for 30 s. The as-deposited thin films were dried at 150°C and calcined at 350°C for 10 min in air. Then, the films were heated by a rapid thermal annealing at the desired temperature for 10 min in flowing oxygen, argon or vacuum ambient. Then the thickness was increased by repeating the cycle of coating precursor solutions and heating. HfO 2 insulating layers were prepared by spin coating on the p-Si(100) substrate which was chemically cleaned using HF acid. The HfO 2 films were crystallized at 750°C for 10 min in O 2 .
The crystalline phases of the films were identified by using X-ray diffraction (XRD) measurements. The surfaces of the films were observed by atomic force microscopy (AFM). Pt top electrodes with 150 mm diameter were deposited on (Y, Yb)MnO 3 films by electron beam evaporation method for measurements of electrical properties. The dielectric constants were measured using an impedance analyzer (Agilent 4294A). The polarization-electric field (P-E ) hysteresis curve, retention and fatigue properties of the films were evaluated using a Radiant RT6000S test system. The leakage current densities of the films were measured using an electrometer (Keithley 6517). The capacitance-voltage characteristics were measured at 1MHz using an impedance analyzer.
Results and discussions 3.1 Construction and characterization of MFM (metal/
ferroelectrics/metal) structure It was found that the crystallographic properties of the (Y, Yb)MnO 3 films depended on the composition (Y/Yb ratio) and crystallization condition. 16 )- 22) The (Y, Yb)MnO 3 films with different compositions were crystallized to a single phase of hexagonal structure by heat-treatment in vacuum and argon at 750°C. On the other hand, the (Y, Yb)MnO 3 films crystallized in oxygen showed the compositional dependence of the crystalline phase. The crystalline phases developed in the films with the Y-rich composition crystallized in oxygen were mixture of hexagonal and orthorhombic structures. As the Yb ratio increased, the amount of the orthorhombic phase decreased and finally, the films with Yb-rich compositions crystallized to a single phase of hexagonal structure. The smaller ion radius of Yb 3＋ stabilized the hexagonal structure to suppress the formation of orthorhombic phase.
The orientation of the (Y, Yb)MnO 3 films also changed with a composition and the annealing atmosphere. The (Y, Yb)MnO 3 films crystallized in oxygen exhibited high degree of c-axis orientation independent of the composition. In the case of the films crystallized in vacuum, the orientation of the films strongly depended on the composition. The degree of c-axis orientation of the YMnO 3 film was relatively high. However, the degrees of c-axis orientation decreased with increasing the Yb ratio. The result indicated that the films with Y-rich compositions were easy to orient along c-axis compared with the films with Yb-rich compositions. In contrast, the films crystallized in argon had the highest degrees of c-axis orientation for all composition. The nucleation of (0001)-oriented grains seems to be favorable because the (0001) plane of hexagonal structure is the closed-packed one. Therefore, the (Y, Yb)MnO 3 films crystallized in argon and oxygen had the high degrees of c-axis orientation. In the case of crystallization in vacuum, the random nucleation cased in the film and led the lower degree of c-axis orientation. The compositional dependence of orientation was due to the difference of decomposition behavior of alkoxides.
The (Y, Yb)MnO 3 films prepared at lower temperature in Ar to investigate the effect of composition for crystallization temperature. Although the YMnO 3 film did not crystallize to single phase of hexagonal below 700°C, the hexagonal Y 0.5 Yb 0.5 MnO 3 films with c-axis orientation crystallized at 700°C (Fig. 3) . From this result, the substitution of Yb for Y was effective for lowering crystallization temperature. The smaller Yb 3＋ ion stabilizes the hexagonal structure and suppresses the formation of metastable phase. As the polarization is along c-axis in the hexagonal (Y, Yb)MnO 3 , the control of phase purity and orientation is important for application.
The surface morphologies of the (Y, Yb)MnO 3 films Figure 4 shows the dielectric constant of the (Y, Yb)MnO 3 films. The dielectric constant slightly decreased with increasing measurement frequency. The difference of behavior in high frequency region may relate to the difference of microstructure such as grain size and surface roughness. The dielectric constants were in the range of 26 to 28 and no significant difference was observed in these films. The dielectric constant was almost identical to the value reported for bulk ceramics. (Fig. 6) . The remanent polarization of the Y 0.5 Yb 0.5 MnO 3 and YbMnO 3 films heat-treated at 700°C were 1.7 and 2.1 mC/cm 2 , respectively. The composition dependence of the ferroelectric properties originated in the crystallinity of thin films. Although the films heat-treated at 750°C had high crystallini-ty in all composition, the crystallinity of the films heat-treated at 700°C was considered to vary with composition. The higher crystallinity was obtained in Yb-rich composition because the smaller Yb 3＋ ion stabilizes the hexagonal structure and suppresses the formation of metastable phase. Figure 7 shows the retention property of the polarization 
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Suzuki: Preparation of ferroelectric (Y, Yb)MnO3 films by chemical solution process for the YbMnO 3 film heat-treated at 700°C. After the write voltage of 15 V was firstly applied to the sample, the time dependence of the polarization was measured. It was found that the value of the remanent polarization did not change even after 10 5 second (over 1 day). Figure 8 shows the change of the remanent polarization as a function of the switching cycles with a voltage of 15 V and a pulse width of 1×10 -6 s. The polarization did not change after 10 10 switching cycles. These results indicate that the (Y, Yb)MnO 3 films had a high potential for the application to the nonvolatile memory.
Construction and characterization of MFIS (metal/ ferroelectrics/insulator/semiconductor) structure
We constructed the metal/ferroelectrics/insulator/semiconductor (MFIS) structure using (Y, Yb)MnO 3 as a ferroelectrics and Y 2 O 3 26)-31) and HfO 2 32)-36) as insulator. In this paper, we focus the result of Pt/Y 0.5 Yb 0.5 MnO 3 /HfO 2 /Si structure.
The HfO 2 insulating layers were prepared form the 0.1 and 0.05 mol/L solutions in order to investigate the effect of the concentration of the solutions. The thickness of the HfO 2 insulating layers were about 10 nm. HfO 2 insulating layers had monoclinic structure and showed (˜111) preferred orientation. These insulating layers consisted of uniform grains and had smooth surfaces. The RMS of the HfO 2 insulating layers prepared form the 0.1 and 0.05 mol/L solutions were 2.6 nm and 2.9 nm, respectively.
The electrical properties of HfO 2 insulating layers were evaluated in the metal-insulator-semiconductor (MIS) structure. The leakage current densities of the Pt/HfO 2 /Si structures were about 10 -7 A/cm 2 . Capacitance-Voltage (C-V ) characteristics of the Pt/HfO 2 /Si structures were measured at 1 MHz with a sweep rate of 0.2 V/s from -5 V to ＋5 V and vice versa. The hysteresis was observed for the Pt/ HfO 2 /Si structure prepared using 0.1 mol/L solution and it was considered to be caused by charge injection from the interface. On the other hand, no hysteresis was observed for the Pt/HfO 2 /Si structure prepared form the 0.05 mol/L solution. The dielectric constant of the HfO 2 insulating layers calculated from the capacitance of the accumulation region were 12-13. This value was small compared with the dielectric constant of the bulk HfO 2 . And the thicker HfO 2 layers showed larger dielectric constant. Therefore, it seems that the thin SiO 2 layer formed during the annealing process.
The Y 0.5 Yb 0.5 MnO 3 films with thickness of 200 nm were prepared at 750°C on the HfO 2 insulating layers. The preparation condition of the HfO 2 layer was found to be important for controlling the interface structure, microstructure and electrical properties of the MFIS structures. The Y 0.5 Yb 0.5 MnO 3 film on the HfO 2 insulating layer prepared from the dilute solution had higher preferred orientation along c-axis. The Y 0.5 Yb 0.5 MnO 3 film consisted of uniform grains and had smooth surface. The electrical properties such as capacitance-voltage characteristics and retention of the Pt/(Y, Yb)MnO 3 /HfO 2 /Si (MFIS) structure were improved by using 0.05 mol/L solution for the HfO 2 layer. The modification of the HfO 2 layer was more effective for the improvement of the crystallographic orientation, microstructure and electrical properties of the Y 0.5 Yb 0.5 MnO 3 ferroelectrics/HfO 2 stacking layer.
Additionally, the effects of the concentration of the Y 0.5 Yb 0.5 MnO 3 precursor solutions and the annealing time were investigated to restrain the reaction at interface. The annealing time for each deposited layers and the repeating cycle were 10 min and 5 times for 0.2 mol/L solution, and 5 min and 10 times for 0.1 mol/L solution, respectively. The total annealing time was 50 min and the thickness of the films was about 200 nm. Another sample was prepared by the total annealing time of 15 min using 0.1 mol/L solution. The annealing time for each deposited layers and the repeating cycle were 1 min and 10 times. That sample was additionally annealed for 5 min to remove the residual carbon. The hexagonal Y 0.5 Yb 0.5 MnO 3 crystallized and the intensities of the diffraction peaks of c-plane were relatively high. The degrees of c-axis orientation of Y 0.5 Yb 0.5 MnO 3 films were improved by using the 0.1 mol/L Y 0.5 Yb 0.5 MnO 3 solution. The difference of the orientation related to the thickness of the each coating layer. If the thickness of each coating layer was thinner, the film growth was strongly affected the under layer and the films grew with c-axis orientation. Because the thickness of each coating layer was thinner for the (Y, Yb) MnO 3 film prepared from 0.1mol/L solution, the orientation of the film was improved. Figure 9 shows AFM images of the surface of the Y 0.5 Yb 0.5 MnO 3 films prepared on the HfO 2 /Si. The grain size of the Y 0.5 Yb 0.5 MnO 3 films prepared from the 0.2 mol/L and 0.1 mol/L solutions was about 50 nm and 30 nm, respectively. The difference of the grain size was ascribed to the concentration of the solutions or the thickness of the each coating The large leakage current may be ascribed to the rough surface and grain boundary, which works as a leak current path. Figure 10 shows leakage current densities of the Pt/ Y 0.5 Yb 0.5 MnO 3 /HfO 2 /Si structures. The leakage current densities of the Y 0.5 Yb 0.5 MnO 3 films prepared from the 0.2 and 0.1 mol/L solutions were 6.5×10 -8 and 2.4×10 -7 A/ cm 2 at 200 kV/cm, respectively. The leakage current density of the film crystallized for 15 min was 2.6×10 -6 A/cm 2 at 200 kV/cm. The leakage current density of the Y 0.5 Yb 0.5 MnO 3 films prepared from the 0.2 mol/L solution was smaller than that of the films prepared using the 0.1 mol/L solution. The large leakage current of the Y 0.5 Yb 0.5 MnO 3 film crystallized for 15 min could be ascribed to the disorder of the microstructure. The annealing time for the each coating layer was 1 min, and the crystallization and densification of that layer was not enough. The following coating layer was deposited on that layer. The growth of the film is affected by the crystallinity and microstructure of the under layer. Therefore, the disorder of microstructure was considered to introduce to this film.
In optimized condition, the good dielectric properties were obtained for Pt/(Y, Yb)MnO 3 /HfO 2 /Si (MFIS) structure. The clockwise C-V hysteresis loops induced by ferroelectric polarization switching were observed for Pt/Y 0.5 Yb 0.5 MnO 3 / HfO 2 /Si structure (Fig. 11) . The memory window was about 2 V. Figure 12 shows retention property at the write voltage of ＋10 V or -10 V for the Pt/Y 0.5 Yb 0.5 MnO 3 / HfO 2 /Si structure. The capacitances were almost constant over 10 5 s.
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Suzuki: Preparation of ferroelectric (Y, Yb)MnO3 films by chemical solution process 4. Conclusion The ferroelectric (Y, Yb)MnO 3 films were prepared by chemical solution process. The effects of crystallization conditions and compositions on the orientation, microstructure and electrical properties have been investigated in detail. It was found that the orientation and microstructure of the (Y, Yb)MnO 3 films depended on the composition and crystallization atmosphere. The substitution of Yb for Y was effective to stabilize the ferroelectric phase and lowering the processing temperature. (Y, Yb)MnO 3 films crystallized in Ar had a high crystallinity and high degree of c-axis orientation. (Y, Yb)MnO 3 films showed reasonable ferroelectric properties. The relatively good dielectric properties was obtained in the MFIS structure constructed using (Y, Yb) MnO 3 and HfO 2 films. Consequently, the (Y, Yb)MnO 3 films exhibited a high potential to apply to the nonvolatile memory.
